Predictable behaviour is a critical factor when developing a sensor for potential deployment within a wireless sensor network (WSN). The work presented here details the fabrication and performance of an optical chemical sensor for gaseous acetic acid analysis, which was constructed using inkjet printed deposition of a colorimetric 
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Introduction
The broad reaching implications of global warming throughout the world have placed the spotlight on gas sensing within the scientific community, as monitoring of contaminants in air is critical in understanding and managing potential risks to human health and indeed the environment. Consequently, there is an expanding need for simple, rapid, accurate, cost-effective field-deployable sensors incorporating wireless communication capabilities [1, 2] . The use of ion-selective electrodes, electrochemical sensors, optical chemical sensors, chemical sensor arrays and biosensors in WSNs has been reviewed recently by Diamond et al. [3, 4] and Janata [5] . The main challenges lie in the production of inexpensive, reproducible and reliable devices with adequate sensitivities and selectivities [6] . All of these criteria must be met for scale-up and mass production of sensors, which ultimately enables widespread field deployment and real-time monitoring.
Due to developments within the last decade with regard to the availability of inexpensive optical components such as light emitting diodes (LEDs) and the development of existing chemistries for the detection of a wide variety of gases, optical chemical sensors now lend themselves well to potential field-deployable devices.
Issues with regard to sensitivity and reproducibility still persist however, as a result of the both the fabrication method and optical detection system employed. One way to address the issue of sensitivity is to select the most appropriate optical detection system used in conjunction with the chemical sensing layer. Optical detectors typically employed within optical chemical sensors include LEDs as the light source coupled with a charge coupled device (CCD) [7, 8] , light wave multimeter [8] and photodiode [9] [10] [11] . Other optical chemical sensors reported have employed a tungsten-halogen light source coupled with a CCD [12] in addition to flatbed scanners [13] [14] [15] . While some of these systems can be incorporated into portable handheld devices, they are not suitable for scale-up within a WSN. Previous work carried out by Shepherd et al. [16] [17] [18] [19] [20] demonstrated the advantages of employing a paired emitter-detector diode (PEDD) as the detection system of choice within a WSN. A PEDD consists of two LEDs, whereby one serves as the light source and the other in reverse bias mode as the light detector. Instead of measuring the photocurrent directly, a simple timer circuit is used to measure the time taken for the photocurrent generated by the emitter LED to discharge the detector LED from 5 V (logic 1) to 1.7 V (logic 0) to give digital output directly without using an A/D converter or operation amplifier [21, 22] . This method achieves excellent sensitivity and signal-tonoise ratio in comparison to the more commonly employed method of coupling an LED to a photodiode [23] . The low cost, size (3.2 x 1.6 mm), low power consumption, ease of fabrication and simplicity of the PEDD make it an ideal optical detector for the real time monitoring of target gases and it was successfully deployed within a WSN for the detection of plumes of gaseous acetic acid achieving a limit of detection of 0.03 ppm [19] .
The colorimetric pH chemical sensor formulation employed within the WSN system for the detection of acetic acid was adapted from pH chemical sensors developed by Crowley et al. which were applied to the real time monitoring of spoilage in fish packaging [9] .
Issues of sensor reproducibility were evident in both the WSN [18] and fish packaging [11] manifolds as a result of the manual drop-casting method employed to deposit the chemical sensing layer. Common methods which have typically been employed in the fabrication of chemical sensors include dip-coating [12, 24, 25] , drop-casting [16] [17] [18] 26] , spin-coating [11, 27, 28] and screen printing [9] . Disadvantages associated with these methods can include limited deposition control with regard to film thickness, positioning and patterning capabilities [29] . The emerging technology of inkjet printing for chemical sensor deposition addresses these issues, as the film thickness and consistency is potentially very uniform and hence the resulting sensors should have greatly improved reproducibility in terms of characteristics such as sensitivity, zero setting and drift. Inkjet printing has gradually become a versatile tool for accurately depositing very small quantities (tens of picoliters) of materials at defined positions on the surface of a wide variety of substrates. So far within scientific research, inkjet printing has been mostly applied to the manufacture of polymer light emitting diodes [29] [30] [31] [32] , deposition of conducting polymers [6, [33] [34] [35] and fluorescent nanoparticles [36] and fabrication of biosensors [37, 38] . Inkjet printing offers advantages over other methods of deposition of thin films, such as patterning capability, reduction in waste products, high speed production, low cost fabrication, room temperature deposition, printing on large area and flexible substrates [6] . Additional advantages include direct patterning of a substrate surface as inkjet printing does not rely on the use of a specific mask, compared to the multistep process of photolithography [32] . It also allows the operator great freedom with regard to the pattern that can be printed, and the thickness at which the material is deposited. The design template is also simple to create using the associated printer software, compared to the individually designed masks required for screen printing or the complex programming for some other deposition instruments [35] . Also inkjet printing is a non-contact method which, in contrast to contact based methods such as pin spotting systems, has the advantages of reduced contamination and no risk of substrate damage [32, 39, 40] . The prospect of deposition of more than one material is also a definite possibility with multiple ink reservoirs available in standard inkjet printers [35] . By employing inkjet printing it is possible to dispense specific volumes of chemical sensor formulation quickly and accurately, and hence this has huge potential as a suitable scaleup and mass production fabrication method for chemical sensors.
The work presented herein will demonstrate improved fabrication reproducibility than previously achieved for the detection of gaseous acetic acid, particularly with regard to baseline signal and response slope (sensitivity), by employing inkjet printing as the method through which the chemical sensor will be deposited [18] . As discussed by Reis et al. there are several parameters associated with inkjet printing which will have a significant effect on the film produced [41] . The parameters which were optimised within this work for the direct printing onto an LED surface included temperature, drop spacing, print head height and print design. The effect of film thickness on the resulting sensor's sensitivity, response time and recovery time was investigated, in addition to inter and intra-day reproducibility within a sensor.
Experimental

Chemical Sensor Formulation
All chemicals used were of reagent grade and purchased from Sigma Aldrich, Dublin, Ireland. Deionised water obtained from a Millipore Milli-Q water purification system (Millipore Ireland B.V., Cork, Ireland) was used for all analysis. The colorimetric chemical sensor formulation previously employed for the detection of acetic acid [18] was optimised for drop cast deposition and was therefore not suitable for inkjet printing. hours to ensure full dissolution.
Inkjet Printing Optimisation and Fabrication of Sensors
Inkjet printing of the colorimetric chemical sensor was performed using a Fujifilm Dimatix DMP-2811 printer. 1.5 mL of the chemical sensor formulation was placed into the printer cartridge using a syringe. Print designs were created using the pattern editor in 
Absorbance Measurement using a Paired Emitter-Detector Diode (PEDD)
The absorbance spectra of BPB in both acidic and basic form ( Figure 1 ) were acquired using a µQuant™ platewell reader (Bio -Tek Instruments, Inc., USA). The BPB in acidic (pH 2) and basic (pH 10) form had a λ max at 422 nm and 617 nm respectively. The absorbance measurements of printed colorimetric sensing films were acquired employing a paired emitter-detector diode (PEDD) optical detector. The PEDD was constructed as previously reported by Shepherd et al. [16, 18] The sensing technique employed with the PEDD sensor was as previously reported [21, 22] . The detector LED in output mode was charged up to 5 V for 100 µs and then switched to high impedance input mode. Photons from the emitter LED generate a photocurrent in the reverse biased detector LED, which discharges a capacitance based voltage from an initial value of 5 V (logic 1) to a preset value of 1.7 V (logic 0) [21, 22] .
The time taken for discharge was measured with a simple comparator and timer circuit. A voltage regulator running from a 9V battery was used to provide a stable +5 V source to drive the circuit and LEDs. This method achieves excellent sensitivity with the added benefit of eliminating the need for an A/D converter or operational amplifier. The signal was captured using HyperTerminal software (Microsoft Inc., USA), saved as a text file and then analysed using MS Excel.
As shown in Figure 2 , using a SKC Aircheck Sampler (Model 224-PCXR3: Air-met Scientific, Australia) air was drawn in through a 50:50 acetic acid to deionised water solution at a constant flow rate of 2 L min -1 for 20 seconds. The switch value was then alternated and air was purged through the system at the same flow rate for 2 minutes.
Results and Discussion
Effect of Layer Thickness on Response Characteristics
Response characteristics such as the magnitude of the response and the time taken to both respond and recover are essential elements to consider when optimising a chemical Table 1 the peak height calculated for 1 inkjet printed layer (ca. 100 nm) of chemical sensor was 102 ± 0.5 µs, which had a relative standard deviation of 0.5 % (n = 3). The peak height achieved for 15 inkjet printed layers was 2327.6 ± 147.2 µs. The relative standard deviation calculated was 6.3 % (n = 3). This showed a 2181 % increase in the peak height obtained using a 15 layer PEDD in comparison to a 1 layer PEDD.
Effect on Response Time
To investigate the effect of layer thickness on time taken to achieve a response maximum, PEDD chemical sensors of varying layer thickness were tested by this time exposing them to gaseous acetic acid for 2 minutes followed by air for 20 minutes. The increased exposure time to acetic acid and air was sufficient to allow a plateau in signal for both the response and recovery. Figure 4 demonstrates the effect the number of inkjet printed layers on the surface of a PEDD chemical sensor has on the time taken to achieve a maximum response. The percentage response data was determined by calculating the percentage ratio of the response after 1 minute over the response observed at 2 minutes.
As shown in Figure Figure 4 demonstrates that while increasing the number of print layers will significantly increase the magnitude of the response observed it will also increase the time necessary to achieve a maximum response. The response at 15 layers still exhibits however, a relatively fast response for a chemical sensor, achieving 88.0 % of the full response after 1 minute.
Effect on Recovery Time
The investigation of the effect on recovery time was carried out similarly to that of the effect on response time. PEDD chemical sensors of varying layer thickness were tested by exposing them to gaseous acetic acid for 2 minutes followed by air for 20 minutes.
The percentage recovery data was determined by calculating the percentage of the recovery after 2 minutes over the maximum recovery observed at 20 minutes. 
Fabrication Reproducibility
Fabrication reproducibility is a critical issue when developing chemical sensors for deployment within a WSN. Issues arising when insufficient reproducibility is obtained include the requirement for individual sensor calibration, non-accuracy and imprecision.
Colorimetric gas sensors previously developed by Shepherd et al. [16] [17] [18] microscope it was evident that a non-uniform film was achieved employing this method.
In addition it was also noted that due to the small surface area of the LED (3.2 mm x 1.6 mm) it was difficult to position the sensor drop in exactly the same location every time, which would inevitably lead to variability within a batch. (Table 2 ).
Inkjet Printed Colorimetric PEDD Chemical Sensors
As drop casted colorimetric PEDD chemical sensors were not comparable to 1 layer inkjet printed sensors with regard to response magnitude, hence inkjet printed sensors of 7 layers were prepared for the investigation. As shown in Figure 6B the reproducibility of inkjet printed chemical sensors is much better than that of drop casted chemical sensors.
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The data illustrated in Figure 6B has not been baseline adjusted and the mean peak height calculated for the 10 inkjet printed colorimetric PEDD chemical sensors was 976.8 ± 54.8 µs ( Table 2 ). The relative standard deviation calculated was 5.6 %, which is a 91.8 % decrease in the relative standard deviation determined for the 10 drop casted colorimetric PEDD chemical sensors. These figures demonstrate excellent reproducibility in the fabrication of inkjet printed colorimetric PEDD chemical sensors especially when taking into consideration that the data was acquired from a 7 layer sensor. Fabrication reproducibility is improved further when investigating 1 layer colorimetric PEDD chemical sensors. Mean peak height data outlined in Table 1 for 3 x 1 layer colorimetric PEDD chemical sensors was 102.0 ± 0.5 µs which had a relative standard deviation of 0.5 %. The results outlined in Table 2 (Table 2 ) they still demonstrate poorer reproducibility than that achieved with inkjet printed pH chemical sensors.
Intra and Inter-day Reproducibility of Inkjet Printed Chemical Sensors
Stability of a chemical sensor is an important characteristic for field deployment as sensors which loose stability in a relatively short time can introduce false positive/negative readings and hence are not viable for reliable real-time monitoring. To investigate intra and inter-day reproducibility, an individual 10 layer PEDD chemical sensor was exposed to gaseous acetic acid. The same PEDD was used for all experiments to prevent introduction of errors due to chemical sensor fabrication or LED variability.
3.3.1 Intra-Day Reproducibility Figure 7A demonstrates the intra-day reproducibility of a 10 layer PEDD chemical sensor which was exposed to injections of gaseous acid 5 times with 1 hour intervals. As outlined in Table 3 the peak heights calculated demonstrate good reproducibility with a relative standard deviation of 1.5 %. The peak height (change in discharge time, µs) data obtained from each injection of gaseous acetic acid was plotted against peak number (injection number). The line bar in Figure 7A represents the average peak height of 1170.7 µs calculated for the detection of gaseous acetic acid. The dots represent how the individual injections deviated from the average peak height calculated.
Inter-Day Reproducibility
To investigate the inter-day reproducibility, an inkjet printed PEDD chemical sensor was exposed to injections of gaseous acid 4 times. This was repeated for ten consecutive days employing the same 10 layer PEDD chemical sensor from the intra-day study and experimental conditions. The data obtained for the mean peak height calculated over 10 days is given in Table 3 . An increased relative standard deviation of 6.7 % was calculated however this was still lower than the generally accepted limit of 10 %. The line bar in Figure 7B represents the average peak height of 1090.4 µs calculated for the detection of gaseous acetic acid. The dots represent how the daily average peak height deviated from the overall average peak height calculated for 10 days. The error bars represent the standard deviations calculated for the 4 injections which were performed daily.
The intra and inter-day reproducibility calculated for a 10 layer PEDD chemical sensor highlighted its suitability as a field deployable sensor within a WSN with relative standard deviations of less than 10 % over a period of 10 days.
Conclusion
The results obtained using The results presented within in this work, demonstrate enormous potential for the use of an inkjet printed PEDD chemical sensor for the purpose of in situ gas monitoring within a WSN. The PEDD offers advantages of sensitivity, low cost, low power consumption, miniaturisation capabilities, precision with excellent signal-to-noise characteristics, in addition to availability in a broad spectral range down into the deep UV (247 nm to > 1000 nm). This paper has demonstrated that inkjet printing offers not only a significant increase in fabrication reproducibility but a multitude of advantages such as reduction in waste volume and cross contamination as it is a non-contact deposition method, precision with regard to exact location of the sensor deposition and patterning capabilities.
Surprisingly, even with advantages such as these, the application of inkjet printing of colorimetric chemical sensors is still relatively in its infancy.
The highly reproducible inkjet printing deposition method coupled with the advantages of the PEDD result in optical chemical sensor which can be applied to the detection of a broad spectrum of target analytes. 
